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INTERNALLY CONTROLLING AND 
ENHANCING LOGIC BUILT-IN SELF TEST IN 
A MULTIPLE CORE MICROPROCESSOR 

BACKGROUND 

The present application relates generally to an improved 
data processing apparatus and method and more speci?cally 
to an apparatus and method for internally controlling and 
enhancing logic built-in self test in a multiple core micropro 
cessor. 

A multiple core processor combines two or more indepen 
dent cores into a single package composed of a single inte 
grated circuit (IC), called a die, or more dies packaged 
together. For example, a dual-core processor contains two 
cores, and a quad-core processor contains four cores. A mul 
tiple core microprocessor implements multiprocessing in a 
single physical package. The processors also share the same 
interconnect to the rest of the system. A system with n cores 
is effective when it is presented with n or more threads con 

currently. Multiple core technology is widely used in many 
technology areas, especially those of embedded processors, 
such as network processors and digital signal processors, and 
in graphical processing units. 

With the advent of multiple core processors and on-chip 
frequency and/or voltage control, new problems and oppor 
tunities present themselves. In order to optimiZe power and 
performance tradeoffs on multiple core chips during normal 
operation or runtime, one may wish to adjust on-chip fre 
quency and voltage for each core. Furthermore, to mitigate 
process yield issues, manufacturers may con?gure chips with 
bad cores to operate without the failing core. This means that 
one must test the functionality and electrical properties of 
each core independently, which increases the test and char 
acteriZation time for each chip by a factor of the number of 
cores on the chip and complicates the manufacturing test 
procedures. 

Logic built-in self test (LBIST) is an important tool in 
today’ s microprocessors for isolating critical paths, sorting of 
frequency, and at AC (at-speed) and DC (stuck-at-fault) logic 
test coverage. Because LBIST compresses the latches into a 
multiple input shift register (MISR), it is di?icult to determine 
which latch failed. Typically, software is written for the exter 
nal testing device to isolate the failing latch using binary 
searches and the results from a known good device under test 
from the same device under test at a lower frequency if the fail 
is a critical path type fail. This latch isolation is extremely 
time-consuming. An increasing number of processor cores 
being designed onto a single chip drastically increases this 
already lengthy test time. 

SUMMARY 

In one illustrative embodiment, a method, in a data pro 
cessing system, is provided for internally controlling 
advanced test and characteriZation in a multiple core micro 
processor. The method comprises receiving a test program at 
a control core within the multiple core microprocessor. The 
multiple core microprocessor comprises a plurality of pro 
cessing cores including the control core. The method further 
comprises setting, by the control core, voltage and frequency 
for a test core within the plurality of processing cores and 
performing a test, under control of the control core, on the test 
core. The method further comprises reading, by the control 
core, test data from the test core and identifying, by the 
control core, operational parameters for the test core. 
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2 
In other illustrative embodiments, a computer program 

product comprising a computer useable or readable medium 
having a computer readable program is provided. The com 
puter readable program, when executed on a computing 
device, causes the computing device to perform various ones, 
and combinations of, the operations outlined above with 
regard to the method illustrative embodiment. 

In yet another illustrative embodiment, a multiple core 
microprocessor is provided. The multiple core microproces 
sor may comprise a plurality of processing cores, including a 
control core, and a memory coupled to the one or more 

processors. The memory may comprise instructions which, 
when executed by the one or more processors, cause the one 

or more processors to perform various ones, and combina 
tions of, the operations outlined above with regard to the 
method illustrative embodiment. 

These and other features of the illustrative embodiments 
will be described in, or will become apparent to those of 
ordinary skill in the art in view of, the following detailed 
description of the example embodiments of the present inven 
tion. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The invention, as well as a preferred mode of use and 
further objectives and advantages thereof, will best be under 
stood by reference to the following detailed description of 
illustrative embodiments when read in conjunction with the 
accompanying drawings, wherein: 

FIG. 1 is an exemplary block diagram of a data processing 
system in which aspects of the present invention may be 
implemented; 

FIG. 2A is a block diagram illustrating a mechanism for 
internally controlling and enhancing advanced test and char 
acteriZation in a multiple core microprocessor in accordance 
with an illustrative embodiment; 

FIG. 2B is a block diagram illustrating a mechanism for 
internally controlling and enhancing advanced test and char 
acteriZation in a multiple core microprocessor, controlling 
on-chip voltage via an interposer, in accordance with an illus 
trative embodiment; 

FIG. 2C is a block diagram illustrating a mechanism for 
internally controlling and enhancing logic built-in self test in 
a multiple core microprocessor in accordance with an illus 
trative embodiment; 

FIG. 3 is a ?owchart outlining example operations of a 
control core for internally controlling and enhancing 
advanced test and characteriZation in a multiple core micro 
processor in accordance with an illustrative embodiment; 

FIG. 4 is a ?owchart outlining example operations of an 
external test device for advanced test and characterization in 
a multiple core microprocessor in accordance with an illus 
trative embodiment; 

FIG. 5 is a block diagram of one example of a mechanism 
for internally controlling and enhancing logic built-in self test 
in a test core within a multiple core microprocessor in accor 

dance with an illustrative embodiment; 
FIG. 6 is a ?owchart illustrating operation of a mechanism 

for internally controlling and enhancing logic built-in self test 
in a multiple core microprocessor in accordance with an 
illustrative embodiment; 

FIG. 7 is a ?owchart illustrating on-chip operation of a 
control core for determining a maximum logic built-in self 
test frequency in accordance with an illustrative embodiment; 
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FIG. 8 is a ?owchart illustrating on-chip operation of a 
control core to isolate failing stumps in accordance with an 
illustrative embodiment; 

FIG. 9 is a ?owchart illustrating on-chip operation of a 
control core to isolate failing latches within stumps in accor 
dance with an illustrative embodiment; and 

FIG. 10 is a ?owchart illustrating on-chip operation of a 
control core to locate failing stumps and latches within 
stumps on a target core in accordance with an illustrative 
embodiment. 

DETAILED DESCRIPTION 

The illustrative embodiments provide a mechanism for 
internally controlling and enhancing logic built-in self test in 
a multiple core microprocessor. To decrease the time needed 
to test a multiple core chip, the mechanism uses micro-archi 
tectural support that allows one core, a control core, to run a 
functional program to test the other cores. Test time is reduced 
by eliminating the need to communicate with an external 
testing device during the test sequence, which is relatively 
ine?icient compared to internal chip communications. 
Because the speed at which the program runs at-speed on one 
of the processor cores, many new test opportunities exist that 
in the past have been prohibitive due to test time and tester 
memory limitations. 
Any core on the chip can be designated to be the control 

core as long as it has already been tested for functionality at 
one safe frequency and voltage operating point. An external 
testing device loads a small program into the control core’s 
dedicated memory, such as the level two (L2) cache. The 
program functionally running on the control core uses micro 
architectural support for functional scan and external scan 
communication to independently test the other cores while 
adjusting the frequencies and/or voltages of the other cores 
until failure. The control core may independently test the 
other cores by starting, stopping, and determining pass/fail 
results. 

In one embodiment, the control core may perform multiple 
runs to determine a “solid” pass/fail boundary, such as four 
passes in a row with no fail, for instance. In another embodi 
ment, the control core may sample built-in sensors, such as 
temperature, amperage, voltage, critical path monitors, etc. 
For example, the control core may determine the amount of 
power being consumed by a given core during the test and 
look for maximum frequency at a prescribed power and/or 
voltage limit to allow the parts to be sorted into bins or buckets 
in the process of determining yield. 

In one illustrative embodiment, the control core may use 
architectural support for scan and external scan communica 
tion (XSCOM) to independently test the other cores while 
adjusting their frequency and/ or voltage. Each core has a 
dedicated logic built-in self test (LBIST) engine. A program 
loaded onto the control core may adjust the frequency and 
con?gure the LBIST to run on each of the cores under test. 
Once LBIST has completed on a core under test, the control 
core’ s program may evaluate the results and decide a next test 
to run for that core. 

For isolating failing latch positions, the control core may 
iteratively con?gure the LBIST mask and sequence registers 
on the core under test to determine the location of the failing 
latch. For at-speed (AC) type defects, a lower frequency and 
higher voltage run may be used as a “golden” signature 
against which each test scan may be compared. For DC type 
defects, a run on another known good core or from a simula 
tion environment (e. g., hardware accelerators) may be used as 
a signature against which each test scan may be compared. 
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The control core may control the LBIST stump masks to 

isolate the failure to a particular latch scan ring and then 
position within that ring. By masking known bad stumps/ 
locations, the control core may use sophisticated software 
written to “peel the onion” and ?nd several “top” failing paths 
for future root cause and characterization analysis. For a 
multiple core processor, this sophistication is too much to 
include on an external tester. 

Thus, the illustrative embodiments may be utiliZed in many 
different types of multiple core data processing environments 
including system-on-a-chip environments, heterogeneous 
multiple processor environments, or the like. In order to pro 
vide a context for the description of the speci?c elements and 
functionality of the illustrative embodiments, FIG. 1 is pro 
vided hereafter as an example environment in which aspects 
of the illustrative embodiments may be implemented. While 
the description following FIG. 1 will focus primarily on a 
single data processing device implementation, this is only an 
example and is not intended to state or imply any limitation 
with regard to the features of the present invention. 

With reference now to the ?gures and in particular with 
reference to FIG. 1, an example diagram of a data processing 
environment is provided in which illustrative embodiments of 
the present invention may be implemented. It should be 
appreciated that FIG. 1 is only an example and is not intended 
to assert or imply any limitation with regard to the environ 
ments in which aspects or embodiments of the present inven 
tion may be implemented. Many modi?cations to the 
depicted environment may be made without departing from 
the spirit and scope of the present invention. 

FIG. 1 is an exemplary block diagram of a data processing 
system in which aspects of the present invention may be 
implemented. The exemplary data processing system shown 
in FIG. 1 is an example of the Cell Broadband EngineTM 
(Cell/B.E.TM) data processing system. While the Cell/B.E.TM 
data processing system will be used in the description of the 
preferred embodiments of the present invention, the present 
invention is not limited to such, as will be readily apparent to 
those of ordinary skill in the art upon reading the following 
description. CELL BROADBAND ENGINE and CELL/B.E. 
are trademarks of Sony Computer Entertainment, Inc., in the 
United States, other countries, or both. 
As shown in FIG. 1, the Cell/B.E.TM data processing sys 

tem 100 includes a power processor element (PPE) 110 hav 
ing a processor (PPU) 116 and its L1 and L2 caches 112 and 
114, and multiple synergistic processor elements (SPEs) 120 
134 that each has its own synergistic processor unit (SPU) 
140-154, memory ?ow control 155-162, local memory or 
store (LS) 163-170, and bus interface unit (BIU unit) 180-194 
which may be, for example, a combination direct memory 
access (DMA), memory management unit (MMU), and bus 
interface unit. A high bandwidth internal element intercon 
nect bus (EIB) 196, a bus interface controller (BIC) 197, and 
a memory interface controller (MIC) 198 are also provided. 
The local memory or local store (LS) 163-170 is a non 

coherent addressable portion of a large memory map which, 
physically, may be provided as small memories coupled to the 
SPUs 140-154. The local stores 163-170 may be mapped to 
different address spaces. These address regions are continu 
ous in a non-aliased con?guration. A local store 163-170 is 
associated with its corresponding SPU 140-154 and SPE 
120-134 by its address location, such as via the SPU Identi 
?cation Register, described in greater detail hereafter. Any 
resource in the system has the ability to read/write from/to the 
local store 163-170 as long as the local store is not placed in 
a secure mode of operation, in which case only its associated 
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SPU may access the local store 163-170 or a designated 
secured portion of the local store 163-170. 
The Cell/B.E.TM data processing system 100 may be a 

system-on-a-chip such that each of the elements depicted in 
FIG. 1 may be provided on a single microprocessor chip. 
Moreover, the Cell/B.E.TM data processing system 100 is a 
heterogeneous processing environment in Which each of the 
SPUs may receive different instructions from each of the 
other SPUs in the system. Moreover, the instruction set for the 
SPUs is different from that of the PPU, e.g., the PPU may 
execute Reduced Instruction Set Computer (RISC) based 
instructions While the SPU execute vectoriZed instructions. 

The SPEs 120-134 are coupled to each other and to the L2 
cache 114 via the EIB 196. In addition, the SPEs 120-134 are 
coupled to MIC 198 and BIC 197 via the EIB 196. The MIC 
198 provides a communication interface to shared memory 
199. The BIC 197 provides a communication interface 
betWeen the Cell/B.E.TM data processing system 100 and 
other external buses and devices. 

The PPE 110 is a dual threaded PPE 110. The combination 
of this dual threaded PPE 110 and the eight SPEs 120-134 
makes the Cell/B.E.TM data processing system 100 capable of 
handling 10 simultaneous threads and over 128 outstanding 
memory requests. The PPE 110 acts as a controller for the 
other eight SPEs 120-134 Which handle most of the compu 
tational Workload. The PPE 110 may be used to run conven 
tional operating systems While the SPEs 120-134 perform 
vectoriZed ?oating point code execution, for example. 

The SPEs 120-134 comprise a synergistic processing unit 
(SPU) 140-154, memory How control units 155-162, local 
memory or store 163-170, and an interface unit 180-194. The 
local memory or store 163-170, in one exemplary embodi 
ment, comprises a 256 KB instruction and data memory 
Which is visible to the PPE 110 and can be addressed directly 
by softWare. 

The PPE 110 may load the SPEs 120-134 With small pro 
grams or threads, chaining the SPEs together to handle each 
step in a complex operation. For example, a set-top box incor 
porating the Cell/B.E.TM data processing system 100 may 
load programs for reading a DVD, video and audio decoding, 
and display, and the data Would be passed off from SPE to 
SPE until it ?nally ended up on the output display. At 4 GHZ, 
each SPE 120-134 gives a theoretical 32 GFLOPS of perfor 
mance With the PPE 110 having a similar level of perfor 
mance. 

The memory How control units (MFCs) 155-162 serve as 
an interface for an SPU to the rest of the system and other 
elements. The MFCs 155-162 provide the primary mecha 
nism for data transfer, protection, and synchronization 
betWeen main storage and the local storages 163-170. There 
is logically an MFC for each SPU in a processor. Some 
implementations can share resources of a single MFC 
betWeen multiple SPUs. In such a case, all the facilities and 
commands de?ned for the MFC must appear independent to 
softWare for each SPU. The effects of sharing an MFC are 
limited to implementation-dependent facilities and com 
mands. 

FIG. 2A is a block diagram illustrating a mechanism for 
internally controlling and enhancing advanced test and char 
acteriZation in a multiple core microprocessor in accordance 
With an illustrative embodiment. With reference to FIG. 2A, 
multiple core chip 200 may comprise a control core 210 and 
a plurality of test cores 220, 230, 240. Multiple core chip 200 
may be the Cell Broadband EngineTM data processing system 
100 in FIG. 1, for example. Control core 210 may be poWer 
processing element (PPE) 110, for example; hoWever, control 
core 210 may be any core on a multiple core chip as long as it 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
has already been tested for functionality at a safe frequency 
and voltage operating point. Test cores 220, 230, 240 may be 
synergistic processing elements 120-134 in FIG. 1, for 
example. While the example shoWn in FIG. 2A shoWs at least 
three test cores 220, 230, 240, the multiple core chip may 
include more or feWer test cores Without departing from the 
spirit and scope of the illustrative embodiment. In fact, in an 
alternative embodiment, multiple core chip 200 may include 
a plurality of control cores. 

External test device 260 loads a small program into control 
core memory 212 via bus 202. Control core 210 may load test 
programs into test core memories 222, 232, 242 to be run on 
test cores 220, 230, 240. The program functionality running 
on control core 210 may use micro-architectural support for 
functional scan and external scan communication to indepen 
dently test the other cores. That is, control core 210 may send 
instructions to start, stop, and determine pass/fail results 
using micro-architectural support. Test cores 220, 230, 240 
may store results in test core memories 222, 232, 242. 

Control core memory 212 may be, for example, L2 cache 
114 in FIG. 1. Test core memories 222, 232, 242 may be, for 
example, local stores, such as local stores 163-170, for 
example. Alternatively, test core memories 222, 232, 242 may 
comprise registers or trace arrays associated With test cores 
220, 230, 240. Test core 210 may communicate With test cores 
220, 230, 240 by setting and reading registers Within test core 
memories 222, 232, 242. Alternatively, control core 210 may 
communicate With test cores 220, 230, 240 by setting regis 
ters in control core memory 212, Where test cores 220, 230, 
240 may be con?gured to poll the registers in control core 
memory 212. 
More particularly, control core 210 may communicate With 

on-chip clock module 252 and on-chip voltage module 254 to 
adjust the frequency and/ or voltage of the test cores 220, 230, 
240. For example, control core 210 may communicate With 
on-chip clock module 252 to increase the frequency of test 
core 220 until failure. As another example, control core 210 
may communicate With on-chip voltage module 254 to 
decrease the voltage to core 230 until failure. 

On-chip clock module 252 may comprise digital phase 
lock loop (PLL) circuits or similar digitally controlled on 
chip clock generation circuits. A phase lock loop (PLL) is a 
control system that generates a signal that has a ?xed relation 
to the phase of a reference signal. A PLL circuit responds to 
both the frequency and the phase of the input signal, auto 
matically raising or loWering the frequency of a controlled 
oscillator until it is matched to the reference in both frequency 
and phase. PLL circuits are Widely used in radio, telecommu 
nications, computers and other electronic applications. They 
may generate stable frequencies, recover a signal from a noisy 
communication channel, or distribute clock timing pulses in 
digital logic designs such as microprocessors. Since a single 
integrated circuit can provide a complete PLL building block, 
the technique is Widely used in modern electronic devices 
With output frequencies from a fraction of a cycle per second 
up to many GHZ. 

On-chip voltage module 254 may alter the voltage to test 
cores 220, 230, 240 under control of control core 210. On 
chip voltage module 254 may include, for example, voltage 
divider netWorks or other circuitry to individually modify the 
voltage to test cores 220, 230, 240. 

FIG. 2B is a block diagram illustrating a mechanism for 
internally controlling and enhancing advanced test and char 
acteriZation in a multiple core microprocessor, controlling 
on-chip voltage via an interposer, in accordance With an illus 
trative embodiment. As shoWn in FIG. 2B, on-chip voltage 
module 254 modi?es voltage identi?ers (VIDs) of test cores 
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220, 230, 240 through interposer 270. An interposer is an 
electrical interface routing between one socket or connection 
to another. The purpose of interposer 270 is to reroute a 
connection to a different connection. Thus, voltage regulator 
module 280 may read a VID from on-chip voltage module 
254, through interposer 270, instead of test core 220. This 
alloWs control core 210 to modify VlDs for test cores 220, 
230, 240 independently to control the voltage being provided 
to the test cores. 

In one embodiment, control core 210 performs a simple 
linear or binary search to ?nd a maximum Working frequency 
at selected voltage levels. Multiple runs may be performed for 
each test core 220, 230, 240 to determine a solid pass/fail 
boundary, such as, for example, four passes in a roW With no 
fail. Furthermore, control core 210 may read built-in sensors 
to sample temperature, amperage, voltage, critical path moni 
tors, etc. For example, if current sensors are present, control 
core 210 may determine an amount of poWer being consumed 
by a test core during the test and look for a maximum fre 
quency at a prescribed poWer and/or voltage limit to alloW 
chips to be sorted into bins/buckets in the process of deter 
mining yield. 

Control core 210 may store results in control core memory 
212. Furthermore, control core 210 may set a “done” bit in a 
register in control core memory 212, and external test device 
260 may poll the done bit to determine Whether the test is 
completed. When the external test device 260 determines that 
the done bit is set in control core memory 212, external test 
device may query control core memory 212, or an on-chip 
trace array (not shoWn), for result information. 

Thus, in accordance With the illustrative embodiments, 
external test device 260 may load a small program into con 
trol core memory 212, Wait for the test to complete, and 
retrieve result data from control core memory 212. As such, 
external test device 260 may quickly and e?iciently deter 
mine the operational parameters for multiple core micropro 
cessor chip 200 including multiple permutations of the plu 
rality of cores 210, 220, 230, 240. Micro-architectural 
support, on-chip frequency control, and on-chip voltage con 
trol alloW multiple core microprocessor chip 200 to control its 
oWn frequency and voltage in a test environment, thus elimi 
nating the need to communicate With external test device 260 
during the test sequence. Off-chip communication is rela 
tively inef?cient compared to internal chip communications. 
Because of the speed at Which the program runs on one of the 
cores, many neW test opportunities exist that in the past Would 
have been prohibitive, or at least extremely inef?cient, due to 
test time and tester memory limitations. 

FIG. 2C is a block diagram illustrating a mechanism for 
internally controlling and enhancing logic built-in self test in 
a multiple core microprocessor in accordance With an illus 
trative embodiment. As shoWn in FIG. 2C, test cores 220, 230, 
240 has a dedicated logic built-in self test (LBIST) engine 
224, 234, 244, respectively. External test device 260 loads a 
scan and test program into control core memory 212 via bus 
202. The scan and test program causes control core 210 to 
adjust the frequency, via on-chip clock module 252, and the 
voltage, via on-chip voltage module 254, of test cores 220, 
230, 240. Control core 210 also con?gures LBIST engines 
224, 234, 244 to run on each test core 220, 230, 240. Once 
LIBST has completed on a given core, such as test core 220 
for example, the scan and test program may determine a next 
test to run for the given core. 

Control core 210 may iteratively con?gure LBIST mask 
and sequence registers on each core under test to determine 
the location of a failing latch. Each LBIST engine 224, 234, 
244 may be used for DC and/or AC fault detection and isola 
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8 
tion. DC fault detection entails determining Whether the cir 
cuit being tested has at least a DC stack-at or “broken” chain 
While AC fault detection includes determining Whether the 
circuit has an AC defect. For at-speed (AC) type defects, a 
loWer frequency/higher voltage scan may be used as a 
“golden” signature against Which to compare. For DC type 
defects, a run on a knoWn good core or from a simulation 

environment (e.g., hardWare accelerators) may be used as a 
signature against Which to compare. 

Control core 210 may control LBIST stump masks to iso 
late a failure to a particular latch scan ring and then to a 
position Within that scan ring. By masking knoWn bad scan 
rings and locations Within scan rings, control core 210 can 
have sophisticated softWare Written to “peel the onion” and 
?nd the several “top” failing paths for future root cause and 
characteriZation analysis. After all testing is complete, con 
trol core 210 may store results in control core memory 212 or 
test core memory 222, 232, 242, or may scan the results into 
the scan rings of test cores 220, 230, 240 Where they may be 
retrieved later for evaluation. 
As Will be appreciated by one skilled in the art, the present 

invention may be embodied as a system, method, or computer 
program product. Accordingly, the present invention may 
take the form of an entirely hardWare embodiment, an entirely 
softWare embodiment (including ?rmWare, resident softWare, 
micro-code, etc.) or an embodiment combining softWare and 
hardWare aspects that may all generally be referred to herein 
as a “circuit,” “module” or “system.” Furthermore, the 
present invention may take the form of a computer program 
product embodied in any tangible medium of expression hav 
ing computer usable program code embodied in the medium. 
Any combination of one or more computer usable or com 

puter readable medium(s) may be utiliZed. The computer 
usable or computer-readable medium may be, for example, 
but not limited to, an electronic, magnetic, optical, electro 
magnetic, infrared, or semiconductor system, apparatus, 
device, or propagation medium. More speci?c examples (a 
non-exhaustive list) of the computer-readable medium Would 
include the folloWing: an electrical connection having one or 
more Wires, a portable computer diskette, a hard disk, a ran 
dom access memory (RAM), a read-only memory (ROM), an 
erasable programmable read-only memory (EPROM or Flash 
memory), an optical ?ber, a portable compact disc read-only 
memory (CDROM), an optical storage device, a transmission 
media such as those supporting the lntemet or an intranet, or 
a magnetic storage device. Note that the computer-usable or 
computer-readable medium could even be paper or another 
suitable medium upon Which the program is printed, as the 
program can be electronically captured, via, for instance, 
optical scanning of the paper or other medium, then com 
piled, interpreted, or otherWise processed in a suitable man 
ner, if neces sary, and then stored in a computer memory. In the 
context of this document, a computer-usable or computer 
readable medium may be any medium that can contain, store, 
communicate, propagate, or transport the program for use by 
or in connection With the instruction execution system, appa 
ratus, or device. The computer-usable medium may include a 
propagated data signal With the computer-usable program 
code embodied thereWith, either in baseband or as part of a 
carrier Wave. The computer usable program code may be 
transmitted using any appropriate medium, including but not 
limited to Wireless, Wireline, optical ?ber cable, radio fre 
quency (RF), etc. 
Computer program code for carrying out operations of the 

present invention may be Written in any combination of one or 
more programming languages, including an object oriented 
programming language such as J avaTM, SmalltalkTM, C++ or 
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the like and conventional procedural programming lan 
guages, such as the “C” programming language or similar 
programming languages. The program code may execute 
entirely on the user’s computer, partly on the user’ s computer, 
as a stand-alone software package, partly on the user’s com 
puter and partly on a remote computer or entirely on the 
remote computer or server. In the latter scenario, the remote 
computer may be connected to the user’s computer through 
any type of network, including a local area network (LAN) or 
a wide area network (WAN), or the connection may be made 
to an external computer (for example, through the Internet 
using an Internet Service Provider). 

The illustrative embodiments are described below with 
reference to ?owchart illustrations and/ or block diagrams of 
methods, apparatus (systems) and computer program prod 
ucts according to the illustrative embodiments of the inven 
tion. It will be understood that each block of the ?owchart 
illustrations and/or block diagrams, and combinations of 
blocks in the ?owchart illustrations and/or block diagrams, 
can be implemented by computer program instructions. 
These computer program instructions may be provided to a 
processor of a general purpose computer, special purpose 
computer, or other programmable data processing apparatus 
to produce a machine, such that the instructions, which 
execute via the processor of the computer or other program 
mable data processing apparatus, create means for imple 
menting the functions/acts speci?ed in the ?owchart and/or 
block diagram block or blocks. 

These computer program instructions may also be stored in 
a computer-readable medium that can direct a computer or 
other programmable data processing apparatus to function in 
a particular manner, such that the instructions stored in the 
computer-readable medium produce an article of manufac 
ture including instruction means which implement the func 
tion/ act speci?ed in the ?owchart and/or block diagram block 
or blocks. 

The computer program instructions may also be loaded 
onto a computer or other programmable data processing 
apparatus to cause a series of operational steps to be per 
formed on the computer or other programmable apparatus to 
produce a computer implemented process such that the 
instructions which execute on the computer or other pro gram 
mable apparatus provide processes for implementing the 
functions/ acts speci?ed in the ?owchart and/ or block diagram 
block or blocks. 

The ?owchart and block diagrams in the ?gures illustrate 
the architecture, functionality, and operation of possible 
implementations of systems, methods and computer program 
products according to various embodiments of the present 
invention. In this regard, each block in the ?owchart or block 
diagrams may represent a module, segment, or portion of 
code, which comprises one or more executable instructions 
for implementing the speci?ed logical function(s). It should 
also be noted that, in some alternative implementations, the 
functions noted in the block may occur out of the order noted 
in the ?gures. For example, two blocks shown in succession 
may, in fact, be executed substantially concurrently, or the 
blocks may sometimes be executed in the reverse order, 
depending upon the functionality involved. It will also be 
noted that each block of the block diagrams and/ or ?owchart 
illustration, and combinations of blocks in the block diagrams 
and/ or ?owchart illustration, can be implemented by special 
purpose hardware-based systems that perform the speci?ed 
functions or acts, or combinations of special purpose hard 
ware and computer instructions. 

FIG. 3 is a ?owchart outlining example operations of a 
control core for internally controlling and enhancing 
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10 
advanced test and characteriZation in a multiple core micro 
processor in accordance with an illustrative embodiment. 
Operation begins, and the control core receives a test program 
within its dedicated memory (block 302). The control core 
then sets voltage and frequency on-chip for one or more test 
cores within the multiple core microprocessor (block 304). In 
one embodiment, the control core tests only a single test core 
at a time to determine individual operational parameters for 
each core. In an alternative embodiment, the control core may 
test a plurality of cores in parallel to determine combinations 
of cores and operational parameters for each combination. 
For example, if the multiple core microprocessor has eight 
cores, the control core may identify a combination of four 
cores with the best operational parameters for a particular 
purpose. Then, all but those four cores may be disabled to 
yield a high-performance quad-core microprocessor chip. 

Next, the control core starts the test on the test core(s) 
(block 306). The control core may use micro-architectural 
support to communicate test start and stop events. The control 
core reads test data by reading registers, sensors, or trace 
array data (block 308). Thereafter, the control core stops the 
test on the test core(s) (block 31 0) and determines whether the 
test process is complete (block 312). In block 312, the test 
may be complete, for example, when the control core has run 
through all frequencies for all selected voltage values for all 
cores or combinations of cores. 

If the test is not complete, operation returns to block 304 to 
set voltage and frequency on-chip for one or more cores. This 
process may repeat multiple times for each core to identify 
frequency, voltage, and power limits for each core or for 
combinations of cores and pass/fail boundaries. The control 
core may store intermediate results to be queried by the exter 
nal test device. 

If the test is complete in block 312, the control core may 
identify pass/fail boundaries for the test cores (block 314). 
For example, the control core may perform a linear or binary 
search to identify a maximum frequency at selected voltage 
levels. Because the control core may perform multiple runs 
for each frequency and voltage and core, the control core may 
identify a “solid” pass/ fail boundary, such as four passes in a 
row without a fail. The control core may also sample built-in 
sensors to provide more detailed operational parameters. The 
built-in sensors may include, for example, temperature, 
amperage, voltage, critical path monitors, etc. For instance, if 
current sensors are present, the control core may determine 
the amount of powerbeing consumed by a test core during the 
test and look for a maximum frequency at a prescribed power 
and/or voltage limit to allow parts to be sorted into bins/ 
buckets in the process of determining yield. When the control 
core has completed the test and identi?ed and stored all the 
pass/fail boundary information, the control core sets a done 
bit (block 316), and operation ends. 

FIG. 4 is a ?owchart outlining example operations of an 
external test device for advanced test and characterization in 
a multiple core microprocessor in accordance with an illus 
trative embodiment. Operation begins and the external test 
device sends a test program to a dedicated memory of an 

identi?ed control core (block 402). Then, the external test 
device polls a done bit that is set by the control core when the 
internally controlled test is completed (block 404). The exter 
nal test device determines whether the done bit is set (block 
406). If the done bit is not set, operation returns to block 404 
to poll the done bit. The external test device polls the done bit 
until the control core on the multiple core microprocessor 
completes the test. 

If the done bit is set in block 406, the external test device 
queries for test result information (block 408). The control 
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core may store the test result information in the dedicated 
memory of the control core. The test result information may 
include the pass/fail boundary information, operational 
parameter information for individual cores and combinations 
of cores, intermediate results, etc. The external device then 
receives the test result information (block 410). Thereafter, 
operation ends. 

FIG. 5 is a block diagram of one example of a mechanism 
for intemally controlling and enhancing logic built-in self test 
in a test core Within a multiple core microprocessor in accor 
dance With an illustrative embodiment. Control core 530 sets 

voltage and frequency for test logic 510. Control core 530 
con?gures LBIST engine 520 by setting stump masks 522 
and sequence registers 524. LBIST engine 520 performs 
scans on test logic 510. 

As depicted in FIG. 5, the LBIST engine comprises a 
pseudo-random pattern generator (PRPG) 516, a phase 
shifter 517, a compacter 518, and a multiple input signature 
register (MISR) 519. These LBIST components are inte 
grated With test logic 510, Which the LBIST engine 520 is 
designed to test. One of the functions of LBIST engine 520 is 
to provide a seed value to PRPG 516. Based upon this seed 
value, PRPG 516 generates a pseudo-random sequence of bits 
that are processed by phase shifter 517 and loaded into scan 
rings 511-514. LBIST engine 520 controls the manner by 
Which this pseudo-random sequence of bits is loaded into the 
scan rings 511-514 by Way of a sequence of cycle states 
determined based on the con?guration provided as an input to 
the LBIST engine 520. 

The purpose of the pseudo-random sequence of bits gen 
erated by PRPG 516 is to provide a set of input bits to be 
propagated through the functional logic components of test 
logic 510. The pseudo-random sequence is therefore pro 
vided to each of the scan rings 511-514. It should be noted, 
hoWever, that the pseudo-random bit sequence is loaded into 
scan chains 511-514 only after being processed by phase 
shifter 517. 

It should be noted that, While only four scan chains 511 
514 are depicted in FIG. 5, there may be many scan chains in 
the test logic 510. If more scan rings are included in the 
design, more ?ne-grained testing of the logic circuit may be 
performed. In other Words, if there are more scan rings in the 
design, feWer of the components of the logic circuit are posi 
tioned betWeen successive scan rings. 

Phase shifter 517 makes the character of the bit sequence 
loaded into the scan rings 511-514 more random. That is, 
phase shifter 517 shifts the phase of the pseudo-random 
sequence of bits so that an identi?able pattern Within succeed 
ing bit sequences of different scan chains is not present. 
Essentially, phase shifter 517 operates by shifting the phase of 
each succeeding column With respect to the preceding col 
umn. In other Words, rather than being offset by a single bit in 
each succeeding column, the bit patterns in succeeding col 
umns are shifted by different amounts. This randomiZation of 
the pseudo-random bit sequence that is loaded into scan rings 
511-514 improves fault coverage and effectiveness of the 
LBIST testing. While not essential to the test architecture, 
phase shifter 517 therefore improves the operation of LBIST 
engine 520. 

The pseudo-random bit patterns that are generated by 
PRPG 516 and phase shifter 517 are loaded into scan rings 
511-514. Each of scan rings 511-514 comprises a series of 
scan latches that are con?gured to altemately shift data (the 
pseudo-random bit patterns or functional logic output) 
through the scan rings or to hold data that has been propagated 
through the functional logic. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
As indicated above, a separate sequence is loaded into each 

of scan rings 511-514. Each of scan rings 511-514 is posi 
tioned before or after (interposed With) respective portions of 
test logic 510. Thus, for each portion oftest logic 510, there is 
a scan ring that precedes this portion and provides inputs to 
the corresponding logic, as Well as a scan ring that folloWs this 
portion and receives the output of the corresponding logic. 
The scan rings thereby de?ne “levels” of the test logic (por 
tions of the test logic betWeen successive scan rings). For 
example, one level of test logic 510 may receive input bits 
from scan ring 511 and provide output bits to scan ring 512. 
Similarly, another level of test logic 510 may receive input 
bits from scan ring 513 and provide output bits to scan ring 
514. It should be noted that some of scan rings 511-514 may 
serve both to provide input bits to a succeeding level of test 
logic 510 and to receive output bits from a preceding level of 
test logic 510. 

After the pseudo -random bit patterns have been alloWed to 
propagate through the functional components of test logic 
510 and the results have been captured in scan rings 511-514, 
the contents of scan rings 511-514 are scanned out of the scan 
rings (i.e., they are unloaded from the scan rings) to compac 
tor 518 and MISR 519. The purpose of compactor 518 is 
simply to reduce the number of bits that have to be handled by 
MISR 519. Compactor 518 may be implemented in a number 
of Ways. Typically, the compactor 518 employs a series of 
XOR gates, Where the output of each XOR gate is based upon 
inputs received from a pair of scan rings. The number of bits 
that are then passed to MISR 519 can therefore be reduced by 
a factor of 2, for instance. In altemative environments, more 
complex circuitry may alloW the number of bits to be reduced 
by an even greater factor. 

Control core 530 sets stump masks 522 to isolate a failure 
to a particular latch scan ring, and then to a position Within the 
scan ring. By masking knoWn bad stumps and locations 
Within stumps, control core 530 may have sophisticated soft 
Ware Written to ?nd several top failing paths for future root 
cause and characteriZation analysis. 

FIG. 6 is a ?owchart illustrating operation of a mechanism 
for intemally controlling and enhancing logic built-in self test 
in a multiple core microprocessor in accordance With an 
illustrative embodiment. Operation begins, and the control 
core receives a test program (block 602). The control core sets 
voltage and frequency for one or more test cores (block 604). 
The control core then runs logic built-in self test (LBIST) on 
one or more test cores (block 606) and receives scan results 

(block 608). 
Then, the control core determines Whether to run another 

test all or a subset of the one or more test cores (block 610). If 
the control core determines not to run another test, the control 
core stores results (block 616), and operation ends. The con 
trol core may store results in the control core’s dedicated 
memory, such as control core memory 212 in FIG. 2C or L2 
cache 114 or LS 163-170 in FIG. 1. Alternatively, the control 
core may scan results into the scan rings of the cores under 
test Where they can be retrieved later for evaluation. 

If the control core determines to run another test in block 
610, the control core determines a next test to run for each test 
core (block 612). The control core sets one or more stump 
masks and sequence registers (block 614). Thereafter, opera 
tion returns to block 604 to set voltage and frequency for one 
or more test cores and run LBIST tests. 

FIG. 7 is a ?owchart illustrating on-chip operation of a 
control core for determining a maximum logic built-in self 
test frequency in accordance With an illustrative embodiment. 
This operation is referred to hereinafter as “loop A.” Opera 
tion begins, and the control core sets a passing frequency, 
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LASTPASS, on a target core and initializes LASTFAIL 
(block 702). LASTPASS is initially set to a known passing 
frequency, and LASTFAIL is initialized to some predeter 
mined maximum frequency. The control core sets up the logic 
built-in self test (LBIST) engine, runs the LBIST, and collects 
compare signatures from the target core (block 704). 

Next, the control core sets a higher frequency, a predeter 
mined value X, on the target core (block 706) and sets up the 
LBIST engine and runs the LBIST (block 708). The control 
core determines whether the resulting LBIST signature 
matches the compare signature (block 710). If the LBIST 
signatures do not match, the control core sets LASTFAIL, 
which represents the last frequency that resulted in a failed 
LBIST to X, sets DELTA to Q(—LASTPASS)/2 and sets X to 
be X-DELTA (block 712). Then, the control core determines 
whether DELTA is greater than a predetermined value Z 
(block 714). If the LBIST signatures match in block 710, the 
control core sets LASTPASS equal to X, sets DELTA equal to 
(LASTFAIL—X)/ 2, and sets X equal to X+DELTA (block 
716). Then, operation proceeds to block 714 to determine 
whether DELTA is greater than Z. 

If DELTA is greater than Z, then operation returns to block 
706 to set the frequency, X, on the target core and run the 
LBIST again. If, however, DELTA is not greater than Z in 
block 714, then the control core approximates F_MAX to be 
X (block 718), and operation ends. 

FIG. 8 is a ?owchart illustrating on-chip operation of a 
control core to isolate failing stumps in accordance with an 
illustrative embodiment. This operation is referred to herein 
after as “loop B.” Operation begins, and the control core sets 
M[O] equal to Zero, N[O] equal to the number of multiple input 
shift register (MISR) stumps divided by two, sets M[l] equal 
to N[0]+1, N[l] equal to the number of MISR stumps minus 
one, R equal to two, and NXT_R equal to Zero (block 802). 
The control core then sets an index, I, to Zero (block 804). 

Thereafter, the control core sets a passing frequency, sets 
stump masks M[I] through N[I], sets up the LIBST engine, 
runs the LBIST, and collects passing compare signatures 
(block 806). The control core sets a failing frequency and sets 
or keeps stump masks M[I] through N[I] (block 808). Then, 
the control core sets up the LIBST engine and runs the LBIST 

(block 810). 
The control core then determines whether the resulting 

LBIST signatures match the passing compare signatures 
(block 812). If the LBIST signatures match, the control core 
sets I:I+1 (block 814) and determines whether I is less than a 
predetermined value, R (block 816). If the LBIST signatures 
do not match in block 812, then in block 818 the control core 
performs the following: 

DELTA = TRUNC[(N[I] - M[I])/2] 

MID = M[I] + DELTA 

PUsIImxTLM, M[I]) 
PUSH(NXTiN, MID) 
PUsIImxTLM, MID + 1) 
PUsIImxTLN, N[I]) 

ELsE { 
PUsII(I=AILINGLsTUMPs, M[I]) 
} 

This results in the failing stumps, when located, being pushed 
into the FAILING_STUMPS data structure. The TRUNC 
function truncates a number to an integer. For example, 
TRUNC[2.5] would be 2. The PUSH function adds an ele 
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ment to the end of an array. If the current stump is a failing 
stump, then it is added to the FAILING_STUMPS data struc 
ture. If the current stump is not a failing stump, then the 
operations in block 818 add next M and N to the NXT_M and 
NXT_N data structures, respectively, for the stump masks for 
the next iteration. Thereafter, operation proceeds to block 814 
to determine increment I, and the control core determines 
whether I is less than a predetermined value, R (block 816) 

If I is less than R, then operation returns to block 806 to 
repeat the LBIST for the next set of stump masks M[I] 
through N[I]. IfI is not less than R in block 816, then the 
control core determines whether NXT_R is greater than Zero 
(block 820). If NXT_R is greater than Zero, then the control 
core sets M:NXT_M, sets N:NXT_N, sets R:NXT_R, sets 
NXT_RIO, clears NXT_M, and clears NXT_N (block 822). 
Then, operation returns to block 804 to set IIO and repeat the 
LBIST to locate failing stumps. However, if NXT_R is not 
greater than Zero in block 820, then operation ends. 

FIG. 9 is a ?owchart illustrating on-chip operation of a 
control core to isolate failing latches within stumps in accor 
dance with an illustrative embodiment. This operation is 
referred to hereinafter as “loop C.” Operation begins, and the 
control core sets M[O] equal to Zero, N[O] equal to the scan 
length divided by two, sets M[l] equal to N[0]+ 1, N[l] equal 
to the scan length minus one, R equal to two, and NXT_R 
equal to Zero (block 902). The control core then sets an index, 
I, to Zero (block 904). 

Thereafter, the control core sets a passing frequency, sets 
the LBIST control such that scan counts M[I] throughN[I] are 
compressed into the MISR, sets up the LIBST engine, runs 
the LBIST, and collects passing compare signatures (block 
906). The control core sets a failing frequency and sets the 
LIBST control such that scan counts M[I] through N[I] are 
compressed into the MISR (block 908). Then, the control core 
sets up the LIBST engine and runs the LBIST (block 910). 
The control core then determines whether the resulting 

LBIST signatures match the passing compare signatures 
(block 912). If the LBIST signatures match, the control core 
sets I:I+1 (block 914) and determines whether I is less than a 
predetermined value, R (block 916). If the LBIST signatures 
do not match in block 912, then in block 918 the control core 
performs the following: 

DELTA = TRUNC[(N[I] - M[I])/2] 

MID = M[I] + DELTA 

PUsIImxTLM, M[I]) 
PUSH(NXTiN, MID) 
PUsIImxTLM, MID + 1) 
PUsIImxTLN, N[I]) 

ELsE { 
PUSIIQIAILINGLLATCIIES, M[I]) 
} 

This results in the failing latches, when located, being pushed 
into the FAILING_LATCHES data structure. If the current 
latch is a failing latch, then it is added to the FAIL 
ING_LATCHES data structure. If the current latch is not a 
failing latch, then the operations in block 918 add next M and 
N to the NXT_M and NXT_N data structures, respectively, 
for the next iteration. Thereafter, operation proceeds to block 
914 to increment I, and the control core determines whether I 
is less than R (block 916). 

If I is less than R, then operation returns to block 906 to 
repeat the LBIST for the next set of scan counts M[I] through 






